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Semiannual NASA report

“An Experimental Study of Growth and Phase Change
of Polar Stratospheric Cloud Particles"

By John Hallett and
M.S. Student: Edward Teets

This reports progress made on understanding phase changes related to
solutions which may comprise Polar Stratospheric Clouds. In particular, it is
concerned with techniques for investigating specific classes of metastability and
phase change which may be important not only in Polar Stratospheric Clouds but
in all atmospheric aerosol in general. While the lower level atmospheric aerosol
consists of mixtures of (NH,)(SO,),, NH/HSO,, NaCl among others, there is evidence
that aerosol at PSC levels is composed of acid aerosol, either injected from
volcanic events (such as Pinatubo) or having diffused upward from the lower
atmosphere. In particular, sulfuric acid and nitric acid are known to occur at
PSC levels, and are suspected of catalyzing ozone destruction reactions by
adsorption on surfaces of crystallized particles. Such particles may result from
water absorption by the acid aerosol followed by crystallization as hydrates or
ice depending on temperature and composition.

A major question arises as to the extent to which such particles supercool
(supersaturate) prior to crystallization, the nature of the crystallization
itself in these droplets, and the nature of subsequent growth from the vapor of
crystals in the form of ice or hydrate depending on the environmental
conditions - temperature or vapor pressure (relative humidity). A crucial first
question is the occurrence of solutions which supersaturate. It is well known
(see Mason, The Physics of Clouds 1970) that aerosol partricles in the lower

atmosphere, of composition listed above, supersaturate substantially and
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contribute to a hysteresis in visibility. The amount and time dependence of such

metastability is ill understood, as is the dependence on insoluble aerosol

(particularly soot) to nucleate such metastable particles, (Hallett, 1991).

Identical questions occur for stratospheric clouds. The present study has

centered on two approaches:

1) The extent of supercooling (with respect to ice) and supersaturation (with
respect to hydrate) and the nature of crystal growth in acid solutions of
specific molality.

2) The nature of growth from the vapor of HNO; - H,0 crystals both on a
substrate and on a pre-existing aerosol.

1. Techniques:

The first class of experiment is designed to explore the range of
supercooling (i.e. with respect to ice phase nucleation) of acid solutions of
different concentration and temperatures down to -90°C. This was accomplished
by observing cooling curves of approximately 1 ml solution in a glass test tube
cooled slowly through the appropriate temperature of metastability. In practice,
the approximate freezing (nucleation) point of each solution is determined; the
final measurements were made for samples cooled rapidly to about 10°C above the
expected nucleation temperature, then cooled slowly (1/100°C s’!') until
nucleation occurred. Such nucleation was readily detected by a sudden increase
of solution temperature by latent heat release (Fig. 1). The nucleation was
visible as ice crystals propagating through the solution. To each molality
solution there is assigned an equilibrium freezing point depression (Table 1, 2).
Above this temperature an inserted ice crystal will melt; below this temperature
an inserted ice crystal will grow. This defines the concept of equilibrium

freezing point, Figures 2, and 3 show the maximum supercooling obtained for
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Figure 1(a) Cooling curve of 1 ml pure liquid water, showing

the point of maximum supercooling and equilibrium freezing temperature.
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Figure 1(b).



Table 1 From Chemistry and Physics Handbook.

89 SULFURIC ACID, H,SO,

MULECULAR WEIGHT = 9808 VU0 % by wi data are the same for all compounds

RELATIVE SPECIFIC REFRACTIVITY = 0 6X8$ For Values of 0.00 wt % solutions see Table |. Acetic Acd
A ” C. M C. (C. -C.1 (n - n) a 0 S 0 @ y T
by wi 0N 0 'y g-mot | 2l el « 10 [ ¢ Ov kg gmoli a0 N oS rhe mmhocm  g-mol |
050 1.0016 1.0034 50 0.051 has X 1.7 3 1.3M36 0210 011} 0 060 1.008 Loy 9% .96 243 oxn
1.00 10049 1.0067 10.0 0.102 9949 33 13 1.3342 0423 02127 0122 1017 1014 913 478 0.57)
1.0 1.0083 1.010% 151 0154 9912 bR 19 1.3349 0.662 0.3% 0.192 1025 1019 97.34 0.3 0.886
200 100116 1.0134 202 0.206 991 .4 68 25 1.3353 0.79¢ 0.428 0.2 1.034 1.024 96.52 92. L 122
250 10150 t.0168 254 0.259 989.6 86 3 t.3361 1.004 0.540 0.293 1.044 1.03 95.53 13 1.58
300 10183 1.0201 306 0310t 978 10.4 37 1.3367 1,172 0.6)0 0.34) 1.057 1.040 94 .43 134. 1.98
350 1.0217  1.0238 358 0.365 959 123 4} 1.3373 1.354 0728 0.3%96 1.070 1.049 93.29 15s. 2,42
400 1.0250 i.0269 410 048 940 142 49 1.33719 1.599 0860 0.468 1.083 1.059 92l . 175. 29}
450 1.0284 1.0302 46.3 0472 9824 16.1 b) 1.3385 V1855 0998 0 543 1.097 | .069 90.97 194. 3.57
s00 1038 10336 Ste6 052 950 2 150 L1] 1.3391 2047 1101 0.598 1.410 1.078 89.91 . 4.25
550 10352 1.0370 $69 0.580 92 00 67 1.3397 2259 1214 0659 1422 1.086 88.93
600 1.0385  1.0403 623 0.635 9762 220 7 1.3403 2498 1341 0.727 1434 1.094 83.00
6.50 1.0419 1.04)8 67.7 0.691 9742 240 ™ 1.3409 27130 1.468 0.795 t. 146 1102 87.10
700 1.0453 |.0472 n2 0.746 9722 6.1 85 1.3415 2952 1.5%7 0.858 1.157 1.109 86.24
7.50 1.0488 1.0506 8.7 0.802 970.1 281 9l 13420 3497 19 0.927 1.169 1.7 85.39
800 1.0522 1.054! 842 0858 968.0 30.2 97. 1.3427 349 1878 1.010 1.180 1.124 84.5%
850 1.0556 10578 897 0915 9659 323 103 §.3433 3801 o4} 1.096 1.192 Ly 83.2¢
9.00 1.059% 1.0610 953 0972 96).8 Js4 109 1.3439 408) 2195 1.174 1.204 1.139 82.92
9.50 10626 .1.0645 1009 1.029 961.6 366 is .3445 4.360 2344 1.250 1216 1146 8210

10.00 1.0661  1.0680 106.6 1.087 959.5 ki g 121 1.3451 . 4644 2497 1.328 1228 IS4 81.27

11.00 10731 1.0750 1180 1.204 955.1 432 133 1.346) 528 182 .49 1.253 1170 19.63

1200 1.0802 1.0821 1296 122 9506 476 145 1.3478 593 319 1.669 1279 1.187 78.02

1300 1.0874_ 1089}  14] .4 144y 9460 $22 158 1.3488 667 359 1859 1.306 1.203 76.43

1400 1.0947 10966 1533 1.563 9414 68 170 t 1500 7.49 40y 7 206} 1334 7 1221 77482 h

1500 11020  [.1039 1653 1.685 916.7 613 183 £.3513 835 4.49 2210 1.364 1.240 1317

1600 §.1094 Lill4 1775 {.810 M9 66.3 198 1.3525 9.26 498 2.48) 1.396 1.261 11.47

1700 11169  1.1189 1899 1936 970 M2 208 13538 1023 50 2702 1.43% 1.284 69.74

1800 1.1245 11268 202.4 2064 9221 76.2 2N 1.3581 1129 6.07 2932 i.467 1.108 68.04

19.00 L4321 L13s1 0 2080 2193 970 812 23 1.3563 12.43 6.68 1169 1.50% £ 66.32

2000 1.1398 (148 2280 2328 9119 864 246 1.3576  13.64 13} 3 409 1543 1.356 ~ 64.68

2200 11554 1.187% 2542 2892 K02 470 m 1 3602 1648 8 86 yeu2 1621 1 40% 6! SB

2400 11714 1738 2800 2 R66 890.1 1080 298 13628 1985 1067 4 488 1.703 1.457 58.60

1600 | 1872 1.1893 308.7 3147 878 ¢ 1197 323 70 13653 2429 1106 1.793 [ 18] 3567

2800  1.2031 12082 3369 1438 866 2 1320 347 1.3677  29.65 1594 1.890 1.574 s281

3000 12191 1.2212 Jos 7 R hd ] RSl 4 144 9 3N 3700 3621 1947 1.997 1.641 4998

3200 1.2383  1.237% 3953 4030 8100 158.2 398 13728 4416 2407 2118 1.718 4712

3400 1.2518  1.2340 4256 4139 826.2 721 419 137149 §5.28 972 2.2%0 1.801 LR

1600 1.2685 1.2707 456.7 4.656 LIRR ] 186 .4 441 1.3 2.347 1.885 41.82

1800 1.2885  1.287% 458 .5 4981 7970 2012 467 1.3797 2.528 1.970 1948

4000 1.3028 1.308% $21.1 $313 w7 2168 491 1.3821 2685 1065 3

4200 13208 11229 Sa6 $as8S 6L 9 2 Ste 1 3xds 260 2174 34 8}

4400 13386 1.3310  SBYU 6008 Tive 2486 540 1.3870 3067 2396 3253

46.00 13570 1.3594 6142 6.368 732 ¢ 2654 568 1.389% 3292 lan 30.32

400 13759 1.3183 660 4 6734 7188 242 90 1.2920 RINRY 28N 820

S0.00 1.3952 13977 6976  TUI} 69T 6 006 616 1.3945 1B 2742 2614

SO0 14149 13173 1388 7502 6792 LI R 6t 139714 414 2927 24144

S400 1481 14177 7750 7.901 660 2 RREN 667 (IS 4490 LR 20

S6.00 | 4558 ] 48R4 #1513 &2 606 387 694 [ AR} 1.490 1 20 3

SE0G 1 ATT0 1. 4796 %67 LIRY] 6203 T 120 |40 RREX] ials 18 o8

6000 L 4987 150113 5992 Y I6K Sygu ¢ KLLR S 747 14077 S 98 1948 16 90

6200 1 S200 1 S2T 9424 9 6K ST 06

6400 1 S421 F SHK 9K6 9 0062 ssel 410

6600 1 SH46  1LSRT4 1026 JO SR f1ZQ 1662

6800 | SKT4 L S902 10794 11008 S0 0 490 2

7000 i 6105 16134 11274 (] 498 4531 S15

7200 1633 16367 1176 1199F 3878 $40 7

7400 1.6574 16603 12265 12508 140y $67 3

7600 16810 16340 12776 13026 4054 $94 X

78O0 1704} 17073 43293 (3884 6233

80.00 1.7272  1.7301 43818 1408y 62k

8200 17490 1.7822 1403 14624 68} 4

8400 17691 17724 4N6.2  151%) ney

8600 {7872 1.7904 1S17.0 1567 748.0

88.00 1.8022 1.80S4 15859 16.169 e} 8Ly

9000 1.8144 (8176 16310 16650 1814 816 K

9200 1.8240 18272 16781 17110 1459 8522

9400 1812 1334 7113 17550 oy 848.}
96.00 8355 1838 17621 17966 RAR ] Y4
9800 I BX61  1.8394 17994 {4246 16" 961 .5
100.00 18305 13337 1¥10.% 1866) ov yoR 2




Table 2

38 MTRIC ACID, HNO,

WOt § CULAR WEIGHT = 63.02
2t L ATIVE SPECIFIC REFRACTIVITY = 0818

gl

G.00 2 by w1 data are the same for all compounds.

For Values of 0 00 wi_ 27 solutions see Table 1. Acetic Aad. .

. » d c. M C. (C.-Cu (n-ny a o " s- e TTTTeTT Ty e
~ ot pi I g! g-mal gl 8! « 10 n *C’ Oskg gmoll a4, cS the  mmhoem g-mol
aw 10009 10027 S0 0079 W9 23 6 " 13136 0.281 015% 0 080 1.002 1.003 99.64 "84 03
a0 10037 1.0054 10.0 0.159 9916 4.6 13 1.)343 0.5%8° 0.300 0.162 1.003 1.001 99.50 $6.1 0.686
P4 10064 1.00R2 15.1 0240 991 3 69 "9 1.3349 08)7 04% 0.244 1.004 1.000 9 .40 TR4T 1.10
00 10091 1.0109 20.2 0320 988.9 9.3 26 1.335%6 1,120 0.602 0327 1.00$ 0998 99.30 108 1.50
v 10119 1MV? 253 0.401 9R6 6 1 32 1.3362 1408 07437 0412 1.006 0997 917 138, 1.97
100 10146 1.0164 304 0.483 v84.2 140 39 1.3)68 1.7204 0916 0.498 1.008 0. 99.01 160. " - 287
19 1.0174 10192 356 0.565 981.8 16.5 4577 13375 2006 1.078 0.586 1010 0995 9883 ° 184, - 118
400 10202 10220 408 0648 9794 189 st 1.3381 2315 1245 0676 1.012 0.994 98.64 ""‘le. R R 1
40 10230 1.0248 460 0.7% 976.9 Q3 58 1.3388 2632 1415 0767 1.014 0.993 SR43 - e !

wn 10287 1037 $13 0814 9738 238 o4 13394 2958 1390 OB8Se 1016 0992 982% '
W 102R6 1004 Lo.6 0.898 9720 26.3 T 1.3401 3290 1769 0953 1018 0.992 9802
a0 §034 10332 619 0.9R2 969 ¢ 287 78 1.3407 1629 198 1.048 1020 0.991 97 81
a1 0MY 1.0360 672 1.067 9670 3 84 1.3414 3974 24v? 1.144 1023 099 97.59
‘o 10170 10389 76 1182 964 .3 138 9 1.3424 4327 232 1.241 028 0.990 97.36
@ 109 10417 R0 1 23IR 91 9 61} 47 1.3427 4687 2520 1 340 1028 0.9% 97 12
s 1 (H27 1.0446 Kid 132 949 3 X9 104 1.3434 508 mm 1439 10} 09% 96 K8
s UL L O4%% ) 0478 RA Y 1410 456 " 413 1o t 1440 sS4} NN | S18 1o} 0990 96 62
v (MRS 10504 944 1497 [N “ n? 1.3447 SR 3 1639 1036 0990 w6 3S
w1084 10533 AR 1 58S 988 467 124 1.3454 6.20 i 1.740 103y 0.99%0 9 07
wen 104 1056 1054 1673 YR Q 94 10 1 3460 660 LR 1 841 104 0900 eSS TR
L eI 10620 G166 18%0 931 ¢ 37 144 13474 742 1oy 204% POy 0991 9SS
L 0660 10679 1279 MO 9iR | & 1 187 | 1487 K27 445 228 1 0%6 0.993 94 4%
T 1AM 10T 94 MR ik (<A 170 110 98 LN 248y 1063 Q99 Q376
GO 0T 180y RN Wty 2 1R4 11844 tOOX LN 2T 1070 Qe 90
. PAINIO RS [N 2RO w33 ThK 19R AT AA NE [ E Pt Q2 20
" trent YN 1743 2 TRE it - M [BR AT 1264 h3T 1087 N T DIEREY
LR T S| YT AT T ) 2987 whey LU 228 1ASSS 130X Tod LIy LI0  1008 %147
e L1028 11044 IR 4 LED) w0 Y42 hall 1.1%9 14 16 "6l 109 114 1011 R9SS
e v 3107 2077 1341 H9R O 100 2 AR LASRY 15w K2 170 1126 101K KR &0
S M e 2130 183y s 0 106 2 266 1 3596 VIO LO02e KI62
PIXTT T MR 1917 £75 RN 293 (1624 1et 1o 85 s
P46 a2 2T 4344 Kot 1304 w2 1 1642 [ TR 3 1 T
PSR 11887 2994 4749 K< 134 10 1 1680 12 1069 By D4
P L UeAR L leaN 1267 S I1X4 X101 1SN 1 ITH 1 370R [T 1 OR9 K70
PUTCOUIKL IRYY 3540 S 61N K260 712 306 [IRFATS [RGT [T 76 30
LI eSS g9 6 URO Ri1 & IR6 7 XA 13763 (RN 1V 7187
M LMK 12090 4101 6 SN o6 € 2007 460 12790 LWT 1160 7142
M0 12224 43191 6970 TR0 9 M 4n7 1.3%17 1 447 | IKR AR 96
MOLINS 10357 4687 743K 764K M3 SIT 13K42 P 12 66 %0
SO 1 Mee 12489 a9RT 791 280 202 37 1 367 1S 1252 6206

ORIGINAL PACE

[ 53d

e

GF P00R QuALITY



Figure 2 Experimental Data for equilibrium freezing point (solid circles) and
maximum supercooling (open circles) for increasing molality and known data
from the Chemistry-Physics handbook (solid triangles) for ice-solution
equilibrium point for H,SO,.
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Figure 3.

Same as Figure 2 for

HNO, .
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H,50,, HNO;. The maximum supercooling is represented by the open circles; it is
demonstrated that there is a scatter of several degrees for each solution.
The upper points (solid circles) represents the temperature reached by the
solution within 1 to 5 s after the completion of the initial crystallization.
This represents the equilibrium temperature of the solution after water has been
removed by the crystallization, which enhances the concentration of the remaining
solution. 1In the first instance we assume that the solid is pure ice, in which
case all solute will be rejected, thus lowering the equilibrium melting point.
The solution cools through equilibrium (A Fig. h)to become supercooled (B)
whereupon it nucleates to increase in temperature and solution concentration (C).
This process is near adiabatic as the heat transfer to the environment is small
over the times required for crystallization. Subsequently the mix cools to the
bath temperature, more ice forms and the solution becomes more concentrated (D).
E represents the ice eutectic. The amount of ice formed initially will be by

given the expression:

fTeo(TW aT
T L(T)

where o(T) is the solution specific heat, L(T) the latent heat - neither of which
are well known for the solutions under study.

A parallel study is to investigate how the crystals grow - particularly the
linear growth velocity. This is readily accomplished by making a VCR tape of the
propagation of the crystallization front after nucleating the solution at a

prescribed supercooling. The velocity is measured directly from the tape.
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Figure 4: Schematic of conditions for nucleation of a supercooled solution.

TEMPERATURE

Arrows indicate solution temperature as it is cooled through the
equilibrium point (&), nucleates at substantial supercooling (B) grows
crystals adiabatically and concentrates (C) and finally equilibrates at
the environmental temperature (D). The diagram beyond E (the ice -
eutectic) represents the conditions for a hydrate which can experience the
same process either side of the congruent melting point (MP).

MP for Hydrate

MOLALITY
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For these solutions the viscosity increases substantially with decrease of
temperature. At sufficiently low temperature; the growth velocity decreases
until crystallization ceases. Figure 5 shows preliminary measurements; Figure
6 shows schematic of anticipated results from cruder qualitative measurements.
This shows that a glass has formed. The results indicate that this happen for
both acids under appropriate conditions. The above arguments all apply in the
region of hydrate formation (i.e. to right of point E in Fig. 4), data in these

regions is required.

2. Diffusion Chamber

Work is underway on the design and construction of a diffusion chamber to
study aerosol and crystal growth directly (Fig. 7), temperature control will be
by circulating bath and surface heater; the upper plate moisture/acid vapor
source will be made of acid resistant stainless steel. The chamber walls will
be made of acid resistant plastic. Temperature range, -90 to -60°C. Crystals
will grow as indicated and examined by VCR; external aerosol will be injected as

appropriate and examined for phase change (optical twinkling).
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Figure 6: Schematic of crystal growth velocity for H,;30, solution characterizes
the glass transition where V = zero, other than at the equilibrium melting
point at high supercooling and high molality.

Molality

VELOCITY

SUPERCOOLING
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Figure 7: Diffusion chamber schematic. The walls are designed to withstand
acid; the moisture source contains appropriate acid solution. The
temperatures of top and bottom plates determine the mid temperature, the
difference determines the mid level supersaturation. Crystals grow from
the vapor on the central sting; otherwise aerosol is used from an outside

source.
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3. Initial Conclusions

The existence of the potential for substantial supercooling and a glass
transition in polar stratospheric cloud particles opens new possibilities for
surface chemistry. It would appear that the supercooled solutions might be less
effective for a chemical reactions since the molecules would be more likely to
enter the body of the solution. This will however depend on the self diffusion,
which will fall as any glass transition is approached.

Equally important is that aerosol which is cycled through colder to warmer
temperatures (as opposed to aerosol which goes from warmer to colder
temperatures) will be more likely to form ice as hydrate clouds, since the glass
will crystallize as its temperature is increased. Thus the behavior of a
particle and its response to subsequent chemical reactions and cloud formation
as it cools radiatively or by mountain were lifting may be determined by its

previous history.

4. Continuing Work

L Repeat the supercooling experiments with smaller volumes (mm®) to reach
lower supercooling; extrapolate results to small aerosol values (um)

. Explore the range of glass transition and measure growth velocities in

greater detail, together with crystal shape.

. Examine the role of impurities (soot) on maximum supercooling.
U Extend studies to hydrate regions.
. Complete diffusion chamber and examine vapor growth in hydrate region.
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